ABSTRACT High-performance single-ended wideband and balanced bandpass filters loaded with steppedimpedance stubs are proposed in this paper. For the proposed wideband filter and the differential mode of the proposed balanced filter, two transmission zeros near the passband are realized by using simple stepped-impedance stubs, which enhances the passband selectivity of these new filters. The analytical and accurate design equations for transmission poles and zeros of these single-ended and balanced filters are provided based on the scattering-parameters theory. The single-ended bandpass filter, employing a T-shaped structure to produce a wide passband, is achieved with 3-dB fractional bandwidth of 79.33%, 19-dB passband return loss, and 35-dB harmonic suppression (1.56f 0 -2.51f 0 , f 0 is the center frequency of the wide passband). The 3-dB differential-mode fractional bandwidth of 33% with 22-dB passband return loss and the 30-dB harmonic suppression (1.29f 0 -2.67f 0 ) are obtained in the proposed balanced bandpass filter. In addition, by inserting open-circuit stubs into the proposed balanced bandpass filter, over 25-dB commonmode suppression is obtained from 0 to 2.67f 0 . Good agreement is observed between the simulation and measurement results.
I. INTRODUCTION
High-performance components are becoming increasingly essential in radio-frequency/millimeter-wave wireless communication and radar systems. These main components include power amplifiers [1] , hybrid couplers [2] , filtering baluns [3] , filtering switches [4] , power dividers [5] , and bandpass filters [6] . It is no exaggeration to say that bandpass filters exist in each high-quality wireless systems for industrial-electronics applications. Recently, various planar circuit structures for constructing wideband bandpass filters have been reported, including stepped-impedance stubs [7] , [8] , transversal signal-interaction circuits [9] , ring resonators [10] , [11] , multiple-mode resonator [12] , and coupled-line structures [13] - [15] . However, all closedform mathematical equations determining both transmission poles and zeros of the above filters cannot be accurately derived in the published articles. In addition, balanced bandpass filters with differential-mode (DM) filtering characteristic and common-mode (CM) suppression are introduced in [15] - [23] . Novel balanced filters with different configurations are presented by using novel terminated coupled line structures [15] , T-shaped structures [16] , modified coupled feed-lines and coupled-line stubs [17] , ring resonators [18] , [19] , short-/open-ended parallel coupled lines [20] , open/shorted stubs [21] , loaded coupled feed-line [22] , and doubly short-ended resonator coupled line [23] . Although narrow or wide DM pass band can be accomplished, the CM suppressions of the DM passband in [16] and [18] and the low-frequency band (< 2 GHz) in [17] , [20] , and [21] are relatively poor. Therefore, searching single-ended and balanced bandpass filters with simple structures, analytical design theory, high-selectivity pass band (DM band for balanced filters), and all-frequency high CM suppression (for balanced filters) is still very significant in designing advanced transceivers for industrial-electronics applications.
In this paper, new and simple circuit structures for novel single-ended wideband bandpass filter (SEWBPF) and balanced bandpass filter (BBPF) are proposed. The proposed SEWBPF employs a T-shaped structure consisting of two coupled lines and a short-circuit stub to realize a wide passband. The CM suppression from 0 to 2.67f 0 of the BBPF is improved by loading additional open-circuit stub with flexible electrical length. Two transmission zeros near the passband are realized by using simple stepped-impedance stubs, indicating high-selectivity filtering performances and easy-implementation structures. The analytical and accurate design equations for transmission poles and zeros of these SEWBPFs and BBPFs are provided based on the scatteringparameters theory. The detailed design theory, analysis procedure, simulation, and experimental results for these proposed filters are fully demonstrated.
II. THE PROPOSED SEWBPF
As shown in Fig. 1(a) , the proposed SEWBPF is composed of a T-shaped structure and two open-circuit stepped-impedance stubs (characteristic impedances Z 2 , Z 3 , electrical length θ = 90 • at the center frequency f 0 , and f 0 = 3 GHz in this paper), indicating a very simple circuit configuration. The used T-shaped structure is constructed by using two coupled lines (Z e1 , Z o1 , θ ) and a short-circuit stub (Z 1 , θ ). Two lines with standard characteristic impedance Z 0 = 50 are connected to Port 1 and Port 2. Since the entire circuit structure is symmetrical, the evenand odd-mode analysis method can be considered [24] . Fig. 1 (b) and 1(c) display the even-and odd-mode equivalent circuit, respectively. The input admittances of the even-and odd-mode equivalent circuit are
where
Then, the reflection coefficient S 11 and transmission coefficient S 21 [24] can be deduced by using
Based on (1)- (7), the frequency response of this SEWBPF with typical parameters can be calculated easily and shown finally in Fig. 2 . From Fig. 2 , it can be observed that there are five transmission poles and five transmission zeros. 
A. TRANSMISSION POLES
When S 11 = 0 is theoretically satisfied, the corresponding transmission poles can be found out. For this SEWBPF, when θ = π /2 (f 0 = 3 GHz), the denominator of S 11 in (6) becomes infinite. Therefore, θ = π/2 (f 0 = 3 GHz) is a transmission pole. Besides, using (1)-(6), the equation S 11 = 0 can be simplified as
where x 0 , x 1 , x 2 , x 3 , and x 4 are listed in Appendix. VOLUME 5, 2017 Furthermore, by solving (8), four different solutions [25] for tan 2 (θ ) can be expressed analytically as
When the values of θ pn are calculated from (14) , the frequencies f pn (n = 1, 2 . . . 8) of these transmission poles are determined by
Due to the periodicity and symmetry of θ p1 , θ p2 , θ p3 , θ p4, and θ p5 , θ p6 , θ p7 , θ p8 with respect to θ 0 = π /2, f p1 , f p2 , f p3 , f p4 , and f p5 , f p6 , f p7 , f p8 locate at two sides of the symmetrical axis at f 0 = 3 GHz. For simplifying the presentation of transmission poles, only the variation curves of f p1 , f p2 , f p3 , and f p4 versus impedances Z 1 , Z 2 , Z 3 , Z e1 , and Z o1 are given in Fig. 3 . The initial and main parameters are chosen as Z 1 = 15 , Z 2 = 60 , Z 3 = 26.4 , Z e1 = 155 , and Z o1 = 71 . Note that one of impedances is varied for affecting transmission poles while other parameters remain constant. In fact, S 11 is not exactly equal to zero (very close to zero) for practical applications. As a result, the calculated results of these transmission-pole frequencies may include imaginary numbers. However, only positive and real frequencies are small (<0.00001), the final transmission-pole frequencies can be decided by the real parts of the analytical results from (14)- (16) .
As shown in Fig. 3 , the transmission poles f p1 , f p2 , f p3 , and f p4 do not always exist. To verify the correction of theoretical calculations, the detailed numerical values of transmissionpole frequencies are listed in Table 1 . According to Table 1 , it can be concluded that the imaginary parts of the calculated transmission-pole frequencies are enough small. Thus, the real parts of the calculated transmission-pole frequencies are identical with the circuit-based simulated ones, indicating the effective analytical design theory.
B. TRANSMISSION ZEROS
The transmission zeros for the SEWBPF can be analyzed by using S 21 = 0 when (7) is used. Then, when θ = 0 (f = 0 GHz) and θ = π (f = 6 GHz), the numerator of S 21 in (7) is equal to zero. Therefore, there are two inherent transmission-zero frequencies f z1 = 0 GHz and f z4 = 6 GHz. Besides, when the circuit nodes M and N are short-circuit nodes in Fig. 1(a) , the input signal cannot transmit between ports 1 and 2. Namely, the input impedance of two steppedimpedance stubs is zero at transmission-zero frequencies. Based on this condition, two other transmission-zero frequencies can be expressed as
The calculated frequency responses of S 21 for different Z 2 and Z 3 are plotted in Fig. 4 . The two transmission zeros are closer to the passband as Z 3 increases while the two transmission zeros are far away from the passband as Z 2 increases. The detailed position of f z2 for calculation and simulation are listed in Table 2 . The consistency between theoretical analysis and simulation results is verified. 
C. BANDWIDTHS
The bandwidths of this proposed SEWBPF can be mainly tuned by altering the values of impedances. 
increases. However, the bandwidth has relatively weak variations with the values of impedances Z 2 and Z 3 . Therefore, the 3-dB bandwidth of the SEWBPF is mainly determined by the T-shaped structure with the impedance values Z 1 , Z e1 , and Z o1 .
When just Z 1 and K 1 are altered to change bandwidth, the in-band return loss degrades. With little impact on the bandwidth, tuning the values of Z 2 and Z 3 and slightly adjusting Z 1 and K 1 can optimize the in-band return loss. Two calculated frequency-response examples with good in-band return loss for different bandwidths are illustrated in Fig. 6 . The bandwidth of Case 1 (72.6%) is the same as the smallest bandwidth shown in Fig. 5(a) . The bandwidth of Case 2 (92%) is a little larger than the largest bandwidth shown in Fig. 5(a) (91.1%) .
III. NEW EXTENDED DESIGN FOR THE PROPOSED BBPF
By inserting additional transmission-line stubs and doubling the initial single-side circuit in Fig. 1(a) , a new BBPF can be proposed as a novel extension of the previous SEWBPF. appears along the symmetric line L-L'. Then, two DM and CM equivalent circuits of the proposed BBPF are simplified in Figs. 8(a) and (b) .
When even-mode and odd-mode excitations are used in Fig. 8(a) , two simpler equivalent circuits are obtained in Fig. 9 . According to the DM scattering parameters' definitions and the even (odd)-mode analysis [24] , Fig. 8(a) . the DM scattering parameters are
Similar to the theoretical analysis of the proposed SEWBPF, the transmission poles and zeros of this BBPF can be also achieved by using the conditions S dd11 = 0 and S dd21 = 0, respectively. It is still effective for the CM situation. Properly choosing the values of Z 1 , Z 2 , Z 3 , Z 4 , Z e1 and Z o1 , five different practical roots for S dd11 = 0 can be calculated. The calculated frequency responses of five transmission poles in the passband of a typical example are shown in Fig. 10 . Moreover, there are four DM transmission zeros for this BBPF. Among them, two inherent transmission zeros are located at f = 0 GHz (f z1 ) and f = 6 GHz (f z4 ). Similarly, according to (17) , two other transmission zeros (f z2 and f z3 ) near the passband for the BBPF can be adjusted by tuning impedances (Z 2 and Z 3 ) of the stepped-impedance stubs. Fig. 11 shows the CM scattering parameters of this proposed BBPF. It is very interesting that the CM rejection can be improved by adjusting the electrical length θ s of the additional open-circuit stub in Fig. 7 , but this tuning will not affect the DM parameters S dd11 and S dd21 . When θ s = 90 • , the CM rejection is improved to 30 dB from 0 to 8 GHz by creating two additional transmission zeros f cz1 and f cz2 as shown in Fig. 11 .
IV. DESIGN PROCEDURES FOR THE PROPOSED SEWBPF AND BBPF
According to the above theoretical analysis, the design procedures for the proposed SEWBPF and BBPF can be simply summarized as follows: 1) Determine the desired center frequency (f 0 ), the passband bandwidth, return loss in the pass band, and the rejection in the stop band. For the BBPF, the CM suppression level is also known. 2) According to the given initial parameters in the above examples of the SEWBPF and BBPF (in DM case), appropriately adjust the impedance values of Z 1 , Z e1 , and Z o1 to realize a passband with the desired bandwidth. 3) Change the impedance values of Z 2 and Z 3 to adjust the two transmission zeros, and then optimize the passband return loss and stopband rejection for both SEWBPF and BBPF (in DM case).
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4) Slightly adjust the impedance values of Z 1 , Z 2 , Z 3 , Z e1 , and Z o1 for further optimization to achieve the desired performance of the SEWPBF. 5) In the CM case of the BBPF, change the value of θ s to improve the all-frequency CM suppression. 6) Finally, slightly adjust all parameters Z 1 , Z 2 , Z 3 , Z 4 , Z e1 , Z o1 and θ s to optimize the DM and CM scattering parameters, until the desired performances are achieved in the BBPF. Based on the provided design procedures of the SEWBPF and BBPF, a SEWBPF example and a BBPF example are chosen to design and manufacture. The used substrate is Rogers R04350B with ε r = 3.66 and h = 0.762 mm. For the designed SEWBPF shown in Fig. 1(a) , the selected circuit parameters are θ = 90 • , Z 0 = 50 , Z 1 = 15.3 , Z 2 = 60 , Z 3 = 26.4 , Z e1 = 155 , Z o1 = 71 , and f 0 = 3 GHz. This five-order passband can be realized as shown in Fig. 2 . The top view of the fabricated SEWBPF with physical-dimension definitions is displayed in Fig. 12 , Z o1 = 80 , and f 0 = 3 GHz. Five transmission poles and four transmission zeros can be observed in the calculated results in Fig. 10 . The top view of the fabricated BBPF with physical-dimension definitions is shown in Fig. 12(b) . The accurate dimensions are optimized as follows (units: mm): w 1 = 3.71, l 1 = 15.3, w 2 = 0.26, s 2 = 0.31, l 2 = 15, w 3 = 2.3, l 3 = 13.9, w 4 = 1.18, l 4 = 15.5, w 5 = 0.67, l 5 = 15.26, w 6 = 1.1, and l 6 = 6.5. 
V. FULL-WAVE SIMULATED AND MEASURED RESULTS
In order to verify the proposed design theory and procedure experimentally, the fabricated SEWBPF and BBPF are measured using a four-port vector network analyzer. The fullwave simulated and final measured results of the fabricated SEWBPF are shown in Fig. 13 . The measured 3-dB fractional bandwidth in Fig. 13(a) is 79.33% (from 1.69 to 4.07 GHz). Within the passband, the measured insertion loss is less than 2.7 dB while the return loss is greater than 19 dB (from 1.8 to 4.05 GHz). The measured insertion losses gradually increase from the central frequency to the upper edge of the passband. It may be attributed to the fabrication and measurement errors. Furthermore, over 35-dB insertion loss in the low (upper) stopband is realized from 0 (4.68) to 1.43 (7.54) GHz. The six measured transmission-pole frequencies are located at 1.87, 2.16, 2.68, 3.23, 3.78, and 3.99 GHz. Besides, five measured transmission-zero frequencies are located at 0, 0.33, 1.2, 4.85, and 5.81 GHz. As shown in Fig. 13(b) , the maximum variation of the measured group delay is about 0.92 ns (from 0.81 to 1.73 ns) in the whole passband. Fig. 14 shows the full-wave simulated and measured results of the fabricated BBPF. The DM scattering parameters are presented in Fig. 14(a) , the measured 3-dB DM fractional bandwidth is 33% (from 2.46 to 3.45 GHz). Within the DM passband, the measured insertion loss is less than 2.3 dB while the return loss is greater than 22 dB (from 2.56 to 3.4 GHz). The out-of-band suppression of the low (upper) band is over 30 dB from 0 to 2.14 GHz (from 3.89 to 8 GHz). Four measured DM transmission-pole
VOLUME 5, 2017 frequencies are located at 2.62, 2.9, 3.2, and 3.37 GHz. Besides, five measured DM transmission-zero frequencies are located at 0, 0.95, 1.83, 4.46, and 6.1 GHz. As shown in Fig. 14(b) , the measured CM suppression of the BBPF is greater than 25 dB from 0 to 8 GHz and greater than 30 dB from 1.4 to 8 GHz. Note that the measured CM suppression at the center frequency f 0 = 3 GHz is over 32.8 dB.
Observed from Fig. 13 and Fig. 14 , there is a good agreement between the full-wave simulated and measured results. The slight frequency shift and small deviation between the simulated and measured frequency responses may be attributed to the fabrication and measurement errors. To further highlight the advantages of these two new designed filters, comparisons with the reported filters are listed in Tables 3 and 4 .
VI. CONCLUSIONS
In this paper, two novel high-performance bandpass filters with coupled lines and stepped-impedance stubs are proposed. The analytical equations for predicting transmission poles and zeros of the single-ended wideband filter are given. The validity of these two filters is verified by experiments. The proposed SEWBPF features simple structure, high selectivity, wide pass band, and deep stop-band suppression. The advantages of the proposed BBPF includes simple circuit, good return loss in DM pass band, high DM stop-band suppression, high DM selectivity, and all-frequency high CM suppression. It can be expected that these two bandpass filters will be widely used in RF/microwave/ millimeter-wave wireless systems, in particular for industrial-electronics applications.
APPENDIX
See (9) where he has been involved in the development of next-generation cellular system, wireless LAN, Bluetooth application for data transmission, EMC design strategies for high speed digital system, and EMI and EMS measuring sites with low cost and high performance. VOLUME 5, 2017 
